Over the past ten years, we have learned how to drive fluids from within by assembling soft matter from motile units [1] [2] [3] [4] [5] [6] [7] [8] . We now have a clear understanding of the mesmerizing flows observed in homogeneous active fluids as diverse as bacteria suspensions, microtubule nematics, and colloidal flocks [9] [10] [11] . By contrast, our fundamental knowledge of active matter in challenging environments, although crucial to any practical applications, remains virtually uncharted [12] [13] [14] [15] [16] [17] [18] . Here, combining active-colloid experiments and theory, we demonstrate and elucidate the amorphous meandering flows of polar liquids frustrated by disorder. Increasing disorder, quenched topological defects proliferate, bend the polar flows, and realize a dynamical vortex glass where flocking motion is only locally preserved. Beyond the specifics of polar liquids, we expect this generic mechanism to shape the random flows of a broad class of active matter ranging from synthetic active nematics to collection of living cells exploring heterogeneous media.
Over the past ten years, we have learned how to drive fluids from within by assembling soft matter from motile units [1] [2] [3] [4] [5] [6] [7] [8] . We now have a clear understanding of the mesmerizing flows observed in homogeneous active fluids as diverse as bacteria suspensions, microtubule nematics, and colloidal flocks [9] [10] [11] . By contrast, our fundamental knowledge of active matter in challenging environments, although crucial to any practical applications, remains virtually uncharted [12] [13] [14] [15] [16] [17] [18] . Here, combining active-colloid experiments and theory, we demonstrate and elucidate the amorphous meandering flows of polar liquids frustrated by disorder. Increasing disorder, quenched topological defects proliferate, bend the polar flows, and realize a dynamical vortex glass where flocking motion is only locally preserved. Beyond the specifics of polar liquids, we expect this generic mechanism to shape the random flows of a broad class of active matter ranging from synthetic active nematics to collection of living cells exploring heterogeneous media.
In our experiments we challenge the flows of a prototypical colloidal active fluid with random lattices of micro-fabricated obstacles, and demonstrate an unanticipated phase of active matter. Following [4, 14] , we take advantage of the Quincke mechanism to turn inanimate polystyrene beads of radius a = 2.4 µm into colloidal rollers self-propelling at ∼ 1 mm/s in circular microfluidic chambers of radius R = 1.5 mm. Before addressing the impact of disorder, it is worth recalling the phenomenology of the pure system. Working with an area fraction of ρ = 7 × 10 −2 , as the rollers are set in motion, they interact and self-assemble into a spontaneously flowing liquid commonly referred to as a Toner-Tu fluid or a polar liquid [4, 9, 19] , see Supplementary Video 1. The resulting flow patterns are initially isotropic and marred by a number of topological defects clearly visible in the Schlieren patterns of Fig. 1a and Supplementary Video 2. However, the velocity-alignment interactions responsible for flocking motion penalize flow distortions thereby causing the attraction and annihilation of topological defects of opposite charges. The resulting lively coarsening dynamics lasts few tens of seconds and ultimately yields pristine azimuthal flows.
Disorder is implemented by random lattices of isotropic obstacles of diameter 10 µm that repel the rollers at a distance, while leaving their speed unaltered, see Fig. 1b and Supplementary Video 3. Starting with a pure system deep in the ordered phase, we repeat the experiments increasing the obstacle fraction Φ o from 1% to 38% keeping the system below the Lorentz localization transition of individual rollers [20] . For small disorder (Φ o < 9%), the obstacles hardly alter the coarsening dynamics and merely cause smooth distortions of the flow field centered around a single +1 defect, see Fig. 1 and Supplementary Video 4. In stark contrast, increasing Φ o above 9%, a very distinct class of static patterns emerges. Even though orientational order locally subsists, disorder prevents polar interactions from annihilating the ±1 defects formed at the onset of collective motion, Fig. 1d . As exemplified in Fig. 1c and Supplementary Video 5, the streamlines then form static meandering patterns bent by a finite density of pinned topological defects. Further increasing the obstacle fraction (above 26%), we recover the phenomenology reported in [14] . Disorder suppresses the flocking transition and the interacting rollers form an active isotropic gas. The associated flows are highly dynamical as a host of defect pairs continuously unbind and annihilate, see Figs. 1c, 1d and Supplementary Video 6. The two transitions between the three dynamical states are unambiguously determined by the variations of the mean number of topological defects of the velocity field N (Φ o ) plotted in Fig. 1e (the detection of the topological defects is detailed in Supplementary Note II). The emergence of meandering flows is signalled by the linear increase of N as Φ o exceeds the critical value Φ c = 9%, whereas the loss of local orientational order saturates N (Φ o ) above Φ o = 26%. In order to quantitatively distinguish the three regimes, we inspect the statistics of the time-averaged polarization defined as p(r) = v(r, t) t , where the unit vectorv(r, t) is the instantaneous orientation of the velocity, see Methods. The distributions of p(r) in Fig. 2a show that, for small disorder, the flow is uniformly and maximally polarized along the azimuthal direction thereby reflecting nearly perfect polar order over system-spanning scales. Conversely, above Φ c macroscopic polar order is suppressed, and the polarization is isotropically distributed. The strong localization of the distribution on the unit circle demonstrates, however, that meanders persistently distort the streamlines without arresting the local flows. Above Φ o = 26%, in the active-gas phase, the typical polarization vanishes as flows are suppressed at all scales. We now demonstrate that the two flowing patterns correspond to two distinct phases of active matter. We first stress that polar liquids with genuine long range orientational order survive at finite disorder (see also Supplementary Note VB). Unlike active nematics, deconfining the system does not suppress the stationary vortex patterns shown in Fig. 1c [21] [22] [23] . This crucial result follows from the finite-size analysis of the polarization order parameter P( ) = p r (r) 2 r + p θ (r) 2 r , where is the size of the region where spatial averaging is performed. This definition of P is natural in a circular geometry where the spatial average of p vanishes, even in pure systems. Below Φ c , Fig. 2b clearly indicates that P( ) converges to a finite value over a finite length scale ξ P , signalling long range polar order. Conversely, deep in the meandering regime P( ) vanishes over a finite scale. Polar liquids and meanders are therefore two genuinely distinct phases of active matter.
The transition between these two dynamical phases is captured by P ≡ P( = 2R), where R is the chamber radius. We show in Fig. 2c that P decays weakly and linearly with Φ o for small disorder, but drops sharply to 0 at the critical value Φ c defined from the proliferation of quenched topological defects in reveals a divergence, or at the very least a drastic increase of the correlation length ξ P at the onset of meandering motion. The polarization P alone, however, does not distinguish the meander from the gas phase. We thus introduce the Edwards-Anderson parameter Q EA = v(r, t) ·v(r, t + T ) r,t,T →∞ that quantifies the temporal persistence of the emergent flows [24] . The finite non-zero value of Q EA for Φ c < Φ o < 26% (Fig. 2c ) confirms the persistence of polar order along the meanders. We also find that the continuous transition between the meander and the gas phase, where Q EA ∼ 0, coincides with that identified from the topological defect statistics in Fig. 1e . In order to elucidate how disorder and topological defects conspire to shape the meandering flows, we compare the patterns of fifty replicas of the very same experiment (Φ o = 15%). We solely vary the initial conditions, keeping the colloid fraction and disorder realization identical. The resemblance between the flow patterns is quantified by introducing the local overlap q αβ (r) = p α (r) · p β (r) between the replicas α and β. Examples of overlap maps are shown in Fig. 3a for four different pairs of experi-ments, see also Supplementary Fig. S5 . The replicated flows are identical when q αβ (r) = +1, opposite when q αβ (r) = −1 and orthogonal when q αβ (r) = 0. A simple inspection of the maps readily indicates that all experiments correspond to a different pattern, yet few macroscopic regions are virtually identical from one replica to another. More quantitatively, we plot in Fig. 3c the distribution of the global overlap Q αβ = q αβ (r) r , and compare it to that of a pure vortex. The two distributions are markedly different. In the pure case, P(Q αβ ) is composed of two identical peaks at Q αβ = ±1, as vortices of opposite handedness are equally probable. In the meander phase, however, P(Q αβ ) is not symmetric. It is a broad Gaussian distribution centered around a positive mean value. In other words, even though disorder is isotropic and homogeneous, the obstacles determine the orientation of the flow field over macroscopic regions of space as illustrated by the replica-averaged velocity field shown in Fig 3b. The large width of the overlap distribution demonstrates a broad class of meandering patterns that do not merely differ from each others by continuous distortions. The replicas are topologically nonequivalent, as demonstrated in Fig. 3d showing the distribution of the difference N α − N β in the number of topologicaldefect between each pair of replicas. The regions of the flow patterns that are robust to variations in the initial conditions are therefore shaped by pinned defects of identical charge and orientation that persist in all replicas. In other words defects are strongly correlated not only in their spatial location, but also in their flow direction. This becomes evident upon inspecting the local overlap statistics. Unlike the global overlap distribution, P(q αβ (r)) is bimodal and sharply peaks at q αβ (r) = ±1, see Fig. 3e . Simply put, the meanders in each pair of replicas differ by the reversal of the flow orientation over a finite fraction of space. This area fraction is given by 1 − [P(q αβ = +1) − P(q αβ = −1)] ∼ 0.5, see also Supplementary Note III. We can now estimate the typical extent of the compact regions where the flow can flip sign from one replica to another by measuring the correlation length of the local overlap, or of the replica-averaged flow, see Fig. 3f . We find that the overlap decorrelates exponentially over a finite distance ξ Q = 100 ± 10 µm. This finite correlation length implies that the meanders explore a conformational landscape including a number of steady states that scales as ∼ 2 (R/ξ Q ) 2 . The meander phase is the dynamical analogue of a topological defect glass. It is strongly reminiscent of the vortex glass phases found in disordered flux lines in superconductors and in random-gauge Heisenberg magnets [25] [26] [27] .
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To elucidate the emergence of the meandering patterns we construct a hydrodynamic theory of disordered polar flows. To do so, we build on a final observation: no meander phase emerges in periodic lattices of obstacles, see Supplementary Note IV. The spatial heterogeneities in the local obstacle fraction φ o (r) are essential to the bending of the flow patterns. At lowest order in gradients, disorder thus alters Toner-Tu hydrodynamics as:
where all coefficients are positive hydrodynamic constants. When ∇φ o = 0, Eq. 1 reduces to the standard Toner-Tu equation which quantitatively predicts the vortical flows of Fig. 1a [28] . The β o term reflects the coupling to disorder and provides a direct qualita-tive explanation for the bias of the overlap distribution in Fig. 3c . Although the obstacles are isotropic and, on average, homogeneously distributed, φ o (r) acts as a random pressure field that locally drives the flows along the same obstacle-depleted regions in all replicas. However, disorder has a finite magnitude and competes with both the convective (λ) and elastic (K) terms in Eq. 1. Within a linear-response approximation, this competition results in a linear decrease of the polarization in agreement with our experimental measurements in the small disorder limit (Φ o < Φ c ), see Fig. 2c and Supplementary Note V. Going beyond the spin-wave approximation, we now introduce an effective-energy picture that rationalizes the existence of the meander phase as a vortex glass. At long wavelengths, the convective nonlinearities solely compete with the random pressure term in Eq. 1. To gain some insight on this competition, let us first consider a local minimum of φ o (r) at the origin, the inward disorder pressure must be balanced by a centrifugal kinematic pressure ∼ λv 2 /r associated with an azimuthal flow. In the limit of a maximally polarized fluid where v = v 0 (cos θ, sin θ), this competition constrains the angular fluctuations to obey ∇θ = −(β o /λv 2 0 )ẑ × P · ∇φ o ≡ A(r), where P = 1 −vv. Remarkably, this quenched distribution of phase distortions is reminiscent to random-gauge XY models, and flux-line glasses in type II superconductors, see e.g. [26, 27, 29] . A acts as a random U (1) gauge field, and its local circula-tion Q(r) =ẑ · ∇ × A(r) defines the quenched topological charge in the background. The polar fluid hence navigates the obstacles, generating meanders dictated by A, while elasticity penalizes these distortions. The resulting competition allows a Kosterlitz-Thouless style argument for proliferating free vortices, through a mapping to the random XY model ground state (Supplementary Notes VI and VII). The elastic penalty of an isolated defect ∼ K ln(R/a) (a is a core size) can be offset by the energy gain ∼ KΦ o (β o /λv 2 0 ) ln(R/a) from optimally screening out the background charge. Their balance hence predicts a critical threshold Φ c ∝ λv 2 0 /β o beyond which pinned vortices proliferate, in agreement with our experimental findings.
We emphasize the generality of our predictions. Although established for a polar liquid, we expect the distortion of uniaxial flows into a vortex glass phase to be a generic feature of active fluids challenged by isotropic disorder. Both the topological-defect stabilisation scenario and the extensive complexity of the flow patterns solely rely on stable uniaxial order in a fluid assembled from motile units. We therefore expect dynamical vortex glasses to emerge in a host of active materials ranging from confined microtubule nematics [11] , to concentrated bacteria suspensions [21] , and cell tissues [30] cruising through disorder. Establishing a quantitative theory of their meandering patterns, however, remains a formidable challenge.
The experimental setup is similar to that described in [14] . We disperse polystyrene colloids of radius a = 2.4 µm (Thermo Scientific G0500) in a solution of hexadecane including 5.5 × 10 −2 wt% of dioctyl sulfosuccinate sodium salt (AOT). We then inject the solution in microfluidic chambers made of two electrodes spaced by a 25 µm-thick scotch tape. The electrodes are glass slides, coated with indium tin oxide (Solems, ITOSOL30, thickness: 80 nm). We let the colloids sediment on the bottom electrode and apply a DC voltage of 120 V. The resulting electric field triggers the so-called Quincke electrorotation and causes the colloids to roll at a constant speed v 0 = 0.8 mm/s [4, 31] . We confine the colloidal rollers inside circular chambers of radius R = 1.5 mm including random lattices of circular posts of radius 10 µm. Both the obstacles and the confining disks are made of a 2 µm-thick layer of insulating photoresist resin (Microposit S1818) patterned by means of conventional UV-Lithography as explained in [14] . The patterns are lithographed on the bottom electrode. Note that the distribution of the obstacle centers corresponds to a planar Poisson process, the circular posts can therefore overlap as see in Fig. 1b and Supplementary Video 3.
The experiments reported in the main text correspond to thirty different microfluidic chambers including obstacle fractions ranging from 0% to 38%. If not specified otherwise, the stationary flows are measured in the first chamber 120 s after the application of the DC field. This waiting time is more than one order of magnitude larger that the flows' relaxation time, see Supplementary Note I. For the replica experiments we proceed as follows: the chambers are filled with the colloids at the desired area fraction. We motorize the colloids, wait for 120 s and film their motion for 5 s. We then switch the voltage off, and switch it on again repeating the same procedure fifty times in a row.
B. From Lagrangian trajectories to Eulerian flow fields
In order to track of the trajectories of the rollers, we image them with a Nikon AZ100 microscope with a 4.8X magnification and record videos with a CMOS camera (Basler Ace) at 190 fps. All measurements are systematically repeated three times for different initial conditions and same disorder configuration. If not specified otherwise, we measure all quantities reported in the main text after the ensemble of rollers has reached its stationary state.
Lagrangian trajectories
We detect the position of all the rollers with a subpixel accuracy using the algorithm introduced by Lu et al in [32] . We then reconstruct their trajectories over the whole 3 mm wide circular chambers using the Crocker and Grier algorithm [33] with the MATLAB routine available at [34] . We define the individual roller velocities from their displacements over two subsequent frames (time interval: δt = 5.3 ms): v i (t) = r i (t + δt) − r i (t), where r i (t) and v i (t) are respectively the position and velocity of particule i at time t. The accuracy of the position measurements is of the order of 0.1 µm, inducing an accuracy of the order of 40 µm/s for individual speed measurements. When powered with an electric field E of magnitude 120 V, all colloids roll at a constant speed: v 0 = 0.80 ± 0.04 mm/s.
In addition, when isolated, their direction of motion freely diffuses on the unit circle with a rotational diffusivity D R defined as the exponential decorrelation rate of the velocity orientation in an isotropic phase:
Eulerian fields
Building on these Lagrangian measurements, we reconstruct the instantaneous Eulerian velocity fields v(r, t) as follows. We average the instantaneous roller velocities in 76.4 µm × 76.4 µm binning windows arranged on a square lattice with a lattice spacing of 15.3 µm. Given the roller density, each PIV window typically averages the velocity of 25 rollers. We systematically checked that none of our results crucially depends on the specific choice of the size of the binning windows. The polarization and overlap fields are computed with the same spatial resolution from v(r, t).
To compute the polarization order parameter from the instantaneous velocity field, we first average the radial and azimuthal components of the polarization field p(r) ≡ v(r, t) t over square boxes of size . We then compute the spatial average: p B ≡ ( p r (r) r , p θ (r) r ), in each box B. Finally, P( ) corresponds to the norm of p B averaged over all boxes B.
